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I. SUMMARY 
The objective of this project has been the development of a numerical model (and 
associated computer program) of  a generalized reciprocating hydraulic rod seal, including 
mixed lubrication and surface roughness. This objective has been achieved. The resulting 
model predicts the key seal performance characteristics, such as leakage and friction. It is 
an elastohydrodynamic model and consists of coupled fluid mechanics, contact 
mechanics and deformation analyses. The model is in two forms: one for a single lip seal 
and the other for a double lip seal. In the latter case, mass conservation and the pressure 
of the intervening fluid couples the two lips to each other. 
The leakage, film thickness distribution, fluid and contact pressure distributions 
and shear stress distributions have been predicted for both outstroke and instroke for a 
single lip seal and a double lip seal. The results show that, in general, hydraulic rod seals 
operate in the mixed lubrication regime, although under certain conditions full film 
lubrication may occur over a portion of the sealing zone. The roughness of the seal 
surface and the rod speeds play important roles in determining whether or not a seal will 
leak. Cavitation during the outstroke and partial full film lubrication during the instroke 
tend to prevent net leakage. The behavior of a seal with a double lip can be very different 
from that of a seal with a single lip, since the secondary lip can strongly affect the 
behavior of the primary lip by producing an elevated pressure in the interlip region. 
However, the same seal characteristics that promote effective sealing in a single lip seal 
are also found to promote effective sealing in a double lip seal: cavitation of fluid in the 
sealing zone during the outstroke and a thicker film during instroke than during outstroke. 
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II. INTRODUCTION 
A serious potential problem in hydraulic systems is leakage of hydraulic fluid 
from the cylinders past the reciprocating rod seals. Not only can this leakage affect the 
system performance but, more importantly, it can lead to environmental pollution since 
such leakage directly enters the natural surroundings. Thus, the rod seal is the most 
critical of all hydraulic seals. 
Research on reciprocating seals dates back to at least 1964 [1], [2]. Although 
much has been learned about the behavior of such seals, especially from experimental 
studies, their basic behavior is still poorly understood. This is primarily due to the 
absence of realistic theoretical models of seal operation. Consequently, the seal designer 
has virtually no analytical tools, beyond finite element structural analysis [3]46], with 
which to predict the behavior of potential seal designs or interpret test results. Neither 
does he/she have a conceptual framework upon which to base a design. Thus, current seal 
design is almost completely an empirical process. 
A sketch of a typical hydraulic rod seal is shown in Figure 1. The region where 
the elastomeric seal lip appears to meet the rod is termed the sealing zone; it is where the 
sealing action takes place. Figure 2 shows how the sealing zone has been represented by 
most previous models: the surfaces of the rod and seal are assumed perfectly smooth and 
completely separated by a continuous film of hydraulic fluid, i.e. full film lubrication. 
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Figure 2: Sealing zone, as represented 
Figure 1: Typical hydraulic 	 in previous models. 
rod seal. 
The analysis of the seal behavior is a problem in soft elastohydrodynamics, since 
the fluid pressure distribution in the sealing zone deforms the seal and affects the film 
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thickness distribution, while the film thickness distribution affects the fluid mechanics 
and determines the fluid pressure distribution. Previous models use one of two 
approaches: the direct method or the inverse method. In the direct method [7]-[10], the 
coupling between the fluid mechanics (governed by the Reynolds equation) and the 
deformation mechanics (governed by the elasticity equations) is handled through the use 
of iteration, leading to solutions for both the fluid pressure and film thickness 
distributions. In the inverse method [11]413], the fluid pressure distribution is assumed 
to equal the static contact pressure distribution, which is obtained from a deformation 
analysis. The Reynolds equation is then solved to yield the film thickness distribution. 
Unfortunately, the neglect of roughness and the assumption of full film 
lubrication have been shown through experiment to be unrealistic [14]-[16], and have led 
to erroneous predictions. For example, studies using the inverse method predict that a 
seal which produces a static contact pressure distribution with a steep slope near the 
liquid side of the sealing zone and a gradual slope near the air side, will not leak provided 
the ratio of the outstroke rod speed to the contact pressure slope on the liquid side is less 
than the ratio of the instroke rod speed to the contact pressure slope on the air side [11]. 
Experience has shown that this is not necessarily true. 
In the present study, the assumptions of zero roughness and full film lubrication 
have been eliminated. It should be noted that a recent series of papers also takes account 
of surface roughness and mixed lubrication, but is limited to a special class of seals, those 
with a rectangular cross-section [17]419]. 
III. ANALYSIS — SINGLE LIP SEAL 
Figure 3 shows the sealing zone, as it is represented in the present model, in a 
state of mixed lubrication. The seal surface is considered rough, while the rod surface is 
treated as smooth. Note that although the sketch shows the film thickness as constant, it is 
a function of axial location, x. The fluid mechanics of the lubricating film is governed by 
Reynolds equation. Since cavitation is possible in portions of the film, a form of 




Figure 3: Sealing zone, as represented in present model. 
In dimensionless terms, 
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F is the cavitation index, while 0 is equal to the pressure in the liquid region and is 
related to the average density in the cavitated region. Thus, in the liquid region, 
(b0 F=1 and P -= 0 	 (2) 
while in the cavitated region, 
0 < 0 F =0 and P =0, "15=1+0 
The boundary conditions are, 
0 Pse„red at 5c. = 0 
 ==1 	at = 1
(3) 
(4) 
The average truncated film thickness is given by, 
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HT = J [H +g]f(g)dg 
which, for a Gaussian distribution is, 
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0„ and Os cx are flow factors that take into account the effect of the surface roughness of 
the seal lip. They are functions of the ratio of the film thickness to the roughness 
amplitude and the roughness geometry (aspect ratio and orientation of the asperities), and 
are obtained from [20], [21]. 
The Reynolds equation, eq. (1), is put into finite difference form and solved for 0 
and F for given values of H, using the tri-diagonal matrix algorithm. This yields the 
pressure distribution and the locations of cavitating regions. The flow rate (per unit 
circumferential length) and the shear stress on the rod can then be computed from, 
= 	
dF0 
 + 64 11-F(1— F)01HT +Fiec 
dx 
and, 
avg 0 — —6" 	 H dF0  
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The shear stress flow factors, Of , Ofss , and 0 fpP are obtained from [21]. 
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The contact mechanics analysis is based on the Greenwood and Williamson 
surface contact model [22]. Assuming a Gaussian distribution of asperities, the contact 
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(9) 
and the frictional shear stress on the rod, from, 
c = (10) 
using a friction coefficient, f. 
To compute the film thickness distribution, it is necessary to compute the radial 
(normal) deformation of the sealing element. This is done within an iteration loop, so it is 
necessary to use a computationally efficient method. The influence coefficient method 
has been chosen. With this method it is recognized that the deformation at any location is 
proportional to the forces applied at every location. Thus, in discretized form with n axial 
nodes across the sealing zone, the film thickness at the ith node can be expressed as, 
Hi — Hs+ E (11)ik(PI — Psc)k 
k=-1 
so the on-line model contains only linear algebraic equations. The proportionality factors 
(h) ik the "influence coefficients," are computed off-line using a commercial finite 
element analysis code. The pressure P1 is the sum of the fluid and contact pressures. P„ is 
the static contact pressure distribution, computed off-line with the same finite element 
code used to obtain the influence coefficients. 
The static film thickness, H„ is computed by equating the static contact pressure 
obtained from the finite element analysis, P„, with the contact pressure distribution 
computed from eq. (9) under static conditions. Using the approximate method of [23] to 
invert eq. (9) yields, 
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(13) 
Since the above equations are all strongly coupled, an iterative computation 
procedure, shown in Figure 4, is required. 
input seal & fluid properties & 
operating corditions 
• 
input initial guesses 
• 






update film thickness 
auxiliary calculations 
Figure 4: Computational procedure. 
Following input of the seal properties, fluid properties and operating conditions, initial 
guesses of the film thickness (uniform) and cavitation index (1, everywhere) are input. 
The fluid mechanics analysis is then performed to yield the fluid pressure distribution. An 
inner iteration loop (not shown in figure) is required because the viscosity is pressure 
dependent and because the cavitation index must be updated. Next, the contact mechanics 
analysis is performed to yield the contact pressure distribution, and the deformation 
9 
analysis is performed to yield the normal deformations. The film thickness distribution is 
then updated, and iteration continues until the solution converges. Auxiliary calculations 
yield the flow rate and frictional shear stress. A one-dimensional mesh with 196 nodes is 
used (selected following a mesh sensitivity study). 
It should be noted that for a given dimensionless static contact pressure 
distribution and dimensionless influence coefficients, the dimensionless film thickness, 
fluid pressure and contact pressure distributions, and the dimensionless flow rate, are 
functions of the dimensionless rod speed and the dimensionless roughness 6- . The 
dimensionless total shear stress [ r QVg ] t is, in addition, dependent on 4  . 
IV. RESULTS — SINGLE LIP SEAL 
Computations have been performed for a typical hydraulic rod seal, with base 
parameters shown in Table 1. 
Figure 5 shows the film thickness distribution for the outstroke and the instroke. 
Since significant asperity contact occurs when the film thickness is less than 3.5 (for the 
base seal, less than 0.9 tim), it as clear that during the outstroke the entire sealing zone 
experiences mixed lubrication. During the instroke, mixed lubrication also occurs near 
the liquid side of the sealing zone, although full film lubrication occurs over a substantial 
area near the air side. Thus it is clear that the assumption of full film lubrication in 
previous models is not justified. 
The pressure distributions in the sealing zone for the outstroke are shown in 
Figure 6. As can be seen, the contact pressure distribution has a steep slope near the 
liquid side of the zone and a more gradual slope near the air side. For such a profile, the 
full film theory models predict no leakage [11], as mentioned earlier. 
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dimensionless 
Elastic modulus 43 x 106 Pa 
Poisson's ratio 0.49 
Sealed pressure 6.90 MPa (1000 psi) 
Rod diameter 88.9 mm (3.5") 
Stroke 1.93 m (76") 
Speed - outstroke 0.635 m/s (25 in/s) 973 
Speed - instroke -0.813 m/s (-32 in/s) -1245 
Reference viscosity 0.043 Pa-s 
Pressure-viscosity 
coefficient 
20 x10-9 Pa-1 20 x 10-4 
Asperity radius 1 pm 6.401 x 104 
RMS roughness 0.3 pm 1.392 
Asperity density 10 13 m-2 
Sealing zone length 0.321 mm 
Asperity contact friction 
coefficient 
0.25 
Table 1: Base seal parameters. 
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Figure 5: Film thickness distributions, 	Figure 6: Pressure distributions — 
base case. 	 outstroke, base case. 
Hydrodynamic pressure generation causes the fluid pressure to be elevated near the liquid 
side of the zone, slightly lifting the seal away from the rod. This reduces the contact 
pressure below its static value in that region. However, over almost half of the 
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sealing zone, near the air side, the fluid is cavitated (zero pressure), and therefore the 
contact pressure equals its static value. 
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Figure 7: Pressure distributions —
instroke, base case. 
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Figure 8: Frictional shear stress 
distributions, base case. 
Figure 7 shows the pressure distributions for the instroke. There is significantly 
more hydrodynamic pressure generation than during the instroke, which causes the lip to 
lift completely off the rod near the air side, resulting in full film lubrication over more 
than half of the sealing zone. In this region the contact pressure is zero. This effect was 
also seen in Figure 5. 
The frictional shear stress on the rod is shown in Figure 8. As would be expected, 
it is in opposite directions for the instroke and the outstroke. The peak stresses are near 
the liquid side of the sealing zone, where the contact pressures are highest. The 
corresponding friction coefficients are 0.192 for the outstroke and 0.051 for the instroke. 
The volume of fluid carried out during the outstroke, for this base seal, is computed as 
0.237 cc/stroke, while the volume the seal is capable of drawing back in during the 
instroke, is computed as 0.249 cc/stroke. Since the latter exceeds the former, there is no 
net leakage during a cycle, and o ae could say that this seal does not leak. 
The base case seal has an rms roughness of 0.3 p.m. Figure 9 shows how the seal 
roughness affects the leakage characteristics. It is a plot of the fluid transport (volume of 
fluid carried out during the outstroke or volume of fluid capable of being drawn in during 
the instroke) versus rms roughness. All parameters other than the seal roughness are 
equal to the base values. Note that for a seal to be non-leaking the fluid transport for the 
outstroke must be larger than that: for the instroke. The base case is denoted on the plot by 
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Figure 9: Fluid transport vs. roughness. 	Figure 10: Fluid transport vs. rod speed. 
the arrows. As stated, above, the base case is non-leaking. From the plot it is seen that 
there is no net leakage for roughness values less than 0.35 p.m. However, for higher 
values of roughness, larger than 0.35 p.m, the seal would leak. The larger than roughness, 
the larger would be the leakage. This directly contradicts the results of previous full film 
models, which would predict zero leakage for this seal, regardless of the roughness. 
Figure 10 is a plot of fluid transport vs. rod speed for the base case seal with 0.3 
pm roughness and for a similar seal with 0.5 pm roughness. This type of plot would be 
very useful when designing or selecting a seal, since it shows the combinations of 
roughness and rod speeds which would result in a non-leaking seal. The arrows denote 
the seal operating points at the base rod speeds. As seen on this plot, as well as on the 
plot in Figure 9, the 0.3 p.m roughness seal is non-leaking while the 0.5 pm roughness 
seal leaks. To eliminate leakage from the latter seal, the rod speeds would have to be 
raised considerably, to values above 2 m/s. 
It is instructive to compare these two seals, the 0.3 pm and 0.5 p.m roughness 
seals, both with the same rod speeds, one non-leaking and one leaking. The fluid 
transports for the various strokes are shown in Table 2. Note that increasing the 
roughness to 0.5 pm, increases the volume of fluid carried out during the outstroke 
relative to that carried in during the instroke, such that the former exceeds the latter, 
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and film thickness distributions for the 0.5 pm roughness seal, Figures 11-13, and 
comparing them with the corresponding distributions for the 0.3 p.m roughness seal. 
0.5 	um 	roughness 
seal 
leaking 
0.3 	p.m 	roughness 
seal 
non-leaking 
fluid transport - outstroke 0.473 cc/stroke 0.237 cc/stroke 
fluid transport - instroke 0.390 cc/stroke 0.249 cc/stroke 
Table 2: Comparison between leaking & non-leaking seals. 
Figure 11: Pressure distributions – 	Figure 12: Pressure distributions – 
outstroke, 0.5 pm roughness. 	 instroke, 0.5 pm roughness. 
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Comparison of Figures 1 1 1 and 6 shows that the cavitation that occurs during the 
outstroke in the non-leaking 0.3 um roughness seal is eliminated from the leaking 0.5 um 
roughness seal. This cavitation reduces the volume of fluid that is carried out of the 
cylinder. Comparison of Figures 12 and 6, and Figures 13 and 5 shows that the full film 
lubrication over a portion of the sealing zone during the instroke of the 0.3 um roughness 
seal is eliminated from the 0.5 pm roughness seal, whose entire sealing zone experiences 
mixed lubrication. Full film lubrication increases the volume of fluid that can be drawn 
back into the cylinder. 
V. ANALYSIS — DOUBLE LIP SEAL 
While many seals have a single lip, there are some seals which have two lips. The 
secondary lip is intended to act as a second line of defense, as well as a bearing. It is 
important to understand the behavior of such a double lip seal, and how that behavior 
differs from that of a single lip seal. 
Figure 14 contains a schematic of a typical reciprocating rod seal with a double 
lip. 
sealing zone of primary lip 
Figure 14: Double lip seal. 
In Section IV a seal with only the primary lip is analyzed using a model 
consisting of a fluid mechanics analysis, a contact mechanics analysis, a deformation 
primary lip 
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analysis and an iterative computational procedure. In the present section a similar 
approach is applied to each lip. 
There are two primary differences between the analyses of the double lip and 
single lip cases, which complicate the double lip model. First, under steady state 
conditions (which are assumed), the mass flow rate past the two lips must be the same for 
the double lip seal, a restriction absent for the single lip seal. Second, the boundary 
conditions on the fluid in the sealing zone are different. For the single lip seal, the fluid 
pressure at the inner boundary (liquid side) is equal to the sealed pressure while that at 
the outer boundary (air side) is equal to the ambient pressure. These pressures are known 
a priori. For the double lip seal, boundary conditions must be applied to both lips. For the 
primary lip, the fluid pressure at the inner boundary is again equal to the sealed pressure, 
but that at the outer boundary is equal to the pressure in the interlip region (see Figure 
14), provided the fluid is not cavitated. For the secondary lip, the fluid pressure at the 
inner boundary is also equal to the pressure in the interlip region, provided the fluid is not 
cavitated, while that at the outer boundary is equal to the ambient pressure. If the fluid in 
and near the interlip region is cavitated, then the average fluid density at the outer 
boundary of the primary lip must be equal to that at the inner boundary of the secondary 
lip. It should be noted that the conditions in the interlip region are not known a priori, and 
must be determined in the course of the analysis. From these considerations it is clear that 
the behavior of the two lips in a double lip seal are coupled. 
As discussed above, the boundary conditions on the Reynolds Equation, eq. (4), 
for the single lip seal is replaced by eq. (14) for the primary and secondary lips of the 
double lip seal. 
93 primary = Psealed at x = 0 
Oint erlip at 
= secondary 	Oint erlip at 	0  
=1 	at = 1 
(14) 
Also as discussed above, I:he mass the flow rates through the sealing zones of the 
two lips must be equal. 
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1 primary = 9secondary 
	 (15) 
It should be noted that the two lips are also coupled through the deformation 
characteristics of the seal. Similar to the analysis of the single lip seal, the influence 
coefficients and static contact pressure distribution for each lip is obtained from a finite 
element structural analysis. One of the boundary conditions in that analysis involves the 
fluid pressure/density in the interlip region, which is jointly determined by the action of 
both lips. 
This last form of coupling requires special treatment since the finite element 
analysis is done off-line and the interlip pressure/density is not known a priori. A series 
of finite element analyses are therefore performed for a number of specified discrete 
interlip pressures spanning the expected range. Depending on the computed interlip 
pressure/density, the appropriate finite element solution for the static contact pressure 
distribution and the influence coefficients is used in the iterative computation procedure, 
shown below. 
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VI. RESULTS — DOUBLE LIP SEAL 
Computations have been performed for a typical seal with base parameters of : E 
= 43 x 106 Pa, '0 = 0.49, Psealed = 6.90 MPa (1000 psi), U = 0.635 m/s (25 in/s) outstroke, 
U = -0.813 m/s (-32 in/s) instroke, Ego = 0.043 Pa-s, a = 20 x 10 -9 Pa-1 , R = 1.0 um, r = 
10 13 111-2 , f = 0.25, rod diameter = 88.9 mm (3.5 in). The roughness is assumed to be 
isotropic. 
The presence of the secondary lip can significantly change the geometry of the 
primary lip due to its effect on the pressure in the interlip region (discussed below). For 
example with a roughness of 0.6 AM, the length of the primary lip sealing zone is 
approximately 0.3 mm during an outstroke while it is approximately 1.4 mm during an 
instroke. Thus, while with a single lip seal there is no significant difference in the sealing 
zone length for an outstroke and an instroke, with a double lip seal, there are such 
differences for both the primary and secondary lips. 
The interlip pressure is shown as a function of roughness in Fig. 16. For the 
outstroke, as the roughness is decreased from a value of in = 1.4 p.m, the interlip pressure 
increases until it reaches a maximum of 88 bar (compared to the sealed pressure of 69 
bar) at a roughness of G = 0.4 !Am, whereupon it decreases rapidly with a further reduction 
in roughness. Conversely, for the instroke the interlip pressure decreases with decreasing 
roughness until a roughness of n = 0.8 1.1m, at and below which the fluid in the interlip 
region cavitates. 




static contact pressure 
Figure 17 contains a plot of the fluid transport during instroke and outstroke for 
the double lip seal. As discussed earlier, for zero net leakage, the instroke fluid transport 
must exceed the outstroke transport. This occurs at values of roughness below a critical 
roughness of approximately 0.3 um. 
Figures 18-23 describe the behavior of the double lip seal with a roughness of 
0.22 a non-leaking seal under the base conditions. The film thickness distributions of 
the primary lip, Fig. 18, show that the lip operates with mixed lubrication since the 
thicknesses are always less than 3o. . It should also be noted that the film thickness during 
the instroke exceeds that during an outstroke, which is a characteristic that promotes non-
leakage [24-26]. However the lengths of the sealing zone during outstroke and instroke 
are the same. This is not surprising, since Fig. 16 indicates the pressure in the interlip 
region is the virtually the same for both strokes. 
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Figure 18: Film thickness distributions, 
primary lip, 0.22 µm roughness. 
0.55 	0.80 	1.05 	1.30 
axial coordinate, mm 
Figure 19: Pressure distributions - primary 
lip, outstroke, 0.22 p.m roughness. 
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Figure 20: Pressure distributions - primary 
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The fluid pressure, contact pressure and static contact pressure distributions of the 
primary lip for the outstroke are shown in Fig. 18. From the fluid pressure distribution it 
is clear that the fluid cavitates over most of the sealing zone, again a characteristic that 
promotes non-leakage since the cavitation restricts the outflow of fluid. The 
corresponding figure for the instroke, Fig. 19, shows only a very small portion of the 
sealing zone cavitating. This, too, promotes non-leakage since the lack of cavitation 
during the instroke allows greater transport of fluid inward. These primary lip 
characteristics are very similar to those of a comparable single lip seal in a non-leaking 
condition [24-26]. 
Figure 21: Film thickness distributions, Figure 22: Pressure distributions — secondary 
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Figure 23: Pressure distributions — secondary 
lip, instroke, 0.22 um roughness. 
The film thickness and pressure distributions of the secondary lip are shown in 
Figs. 21-23. These, similarly, indicate mixed lubrication, and have characteristics that 















	 fluid pressure 
•-•- 	contact pressure 
	 static contact pressure 200 - 
— 	outstroke 
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outstroke; there is some cavitation during the outstroke to restrict outflow and no 
cavitation during the instroke allowing greater transport of fluid inward. The pressure 
distributions of the secondary lip are much more symmetric than those of the primary lip 
due to the secondary lip's symmetric shape. 
It is useful to compare the above results for a non-leaking seal with those for a 
leaking seal: the same double lip seal but with a surface roughness of 0.6 pm, which Fig. 
6 indicates will leak. The behavior of such a seal is shown in Figs. 24-29. 
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Figure 24: Film thickness distributions, 
primary lip, 0.6 p.m roughness. 
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Figure 25: Pressure distributions — primary 
lip, outstroke, 0.6 pm roughness. 
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Figure 26: Pressure distributions — primary 
lip, instroke, 0.6 pm roughness. 
The film thickness distributions of the primary lip, Fig. 24, again indicate mixed 
lubrication. Here, however, we see the length of the sealing zone is much shorter during 
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locations along the length of the sealing zone, the film thicknesses are larger for the 
outstroke than for the instroke. Both of these characteristics are detrimental for effective 
sealing, compared to the corresponding characteristics of the previously described non-
leaking seal. 
Figures 25 and 26 show the pressure distributions of the primary lip. From these it 
is seen that there is no cavitation during the outstroke and a significant amount of 
cavitation during the instroke. This is the opposite of what occurs in the non-leaking seal 
where cavitation helped prevent leakage; here it promotes leakage and is therefore 
detrimental. 
The same general behavior is exhibited by the secondary lip, Figs.27-29: mixed 
lubrication and the detrimental effect of cavitation (although there is a small amount of 
cavitation present during the outstroke). 
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Figure 27: Film thickness distributions, 
secondary lip, 0.6 µm roughness. 
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Figure 28: Pressure distributions — secondary 
lip, outstroke, 0.6 p.m roughness. 
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Figure 29: Pressure distributions — secondary 




In addition to the film thickness and pressure distribution results for the double lip 
seal, shear stress distributions have also been generated. These are shown in Figs. 30 and 
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Figure 30: Shear stress distributions, 
0.0 	0.2 	0.4 	0.6 	0.8 	1.0 
axial coordinate, mm 
Figure 31: Shear stress distributions, 
primary lip, 0.22 pm roughness.  
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Figure 32: Shear stress distributions, 
primary lip, 0.6 pm roughness. 
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Figure 33: Shear stress distributions, 
secondary lip, 0.6 i.tm roughness. 
VII. CONCLUSIONS 
The results of this study show that, in general, hydraulic rod seals operate in the 
mixed lubrication regime, although under certain conditions full film lubrication may 
occur over a portion of the sealing zone. The roughness of the seal surface and the rod 
speeds play important roles in determining whether or not a seal will leak. Cavitation 
during the outstroke and partial full film lubrication during the instroke tend to prevent 
net leakage. The behavior of a reciprocating hydraulic rod seal with a double lip can be 
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very different from that of a seal with a single lip. The secondary lip can strongly affect 
the behavior of the primary lip by producing an elevated pressure in the interlip region. 
However, the same seal characteristics that promote effective sealing in a single lip seal 
are also found to promote effective sealing in a double lip seal: cavitation of fluid in the 
sealing zone during the outstroke and a thicker film during instroke than during outstroke. 
VIII. NOMENCLATURE 
E 	elastic modulus 
F cavitation index 
f 	 friction coefficient 
f(a) probability density function of roughness 
H 	dimensionless average film thickness, h/6 
1-1, 	static undeformed film thickness, h s/6 
HT 	 dimensionless average truncated film thickness, h T/ 
I. influence coefficient for normal (radial) deformation 
I 	 function defined by Eq. (12) 
L length of solution domain in x-direction 
P 	 dimensionless fluid pressure, pilla 
Pa 	 ambient pressure 
Pc 	 dimensionless contact pressure for deformation analysis, p c/E 
Pdef 	 dimensionless fluid pressure for deformation analysis, P(p a)/E 
Psc 	 dimensionless static contact pressure, p sc/E 
Psealed 	 dimensionless sealed pressured, Psealed/Pa 
Pt dimensionless total pressure, P + P def 	- c 
dimensionless flow rate per unit circumferential length, 12[toqL/[(p a)(33 ] 
R 	 asperity radius 
U 	 surface speed of rod 
dimensionless axial coordinate, x/L 
dimensionless pressure-viscosity coefficient, a pa 
0 	fluid pressure/density function, defined by Eqs. (2) and (3) 
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shear stress factors 
shear flow factor 
pressure flow factor 
viscosity at atmospheric pressure 
dimensionless density, p / 
liquid density 
dimensionless rrns roughness of sealing element surface, 6R 1/3 77 2/3 
average dimensionless viscous shear stress in the x-direction, 'rav g/E 
dimensionless shear stress due to contacting asperities, r, / E 
total shear stress, r avg + 
Poisson's ratio 
RI/3772/3EL/ Pa 
dimensionless rod speed, (MUL)/[0:00-2 1 
0 	 asperity density 
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